Suction anchors are widely adopted and play an important role in mooring systems. However, how to reliably predict the failure mode and ultimate pullout capacity of the anchor in sand, especially by an easy-to-use theoretical method, is still a great challenge. Existing methods for predicting the inclined pullout capacity of suction anchors in sand are mainly based on experiments or finite element analysis. In the present work, based on a rational mechanical model for suction anchors and the failure mechanism of the anchor in the seabed, an analytical model is developed which can predict the failure mode and ultimate pullout capacity of suction anchors in sand under inclined loading. Detailed parametric analysis is performed to explore the effects of different parameters on the failure mode and ultimate pullout capacity of the anchor. To examine the present model, the results from experiments and finite element analysis are employed to compare with the theoretical predictions, and a general agreement is obtained. An analytical method that can evaluate the optimal position of the attachment point is also proposed in the present study. The present work demonstrates that the failure mode and pullout capacity of suction anchors in sand can be easily and reasonably predicted by the theoretical model, which might be a useful supplement to the experimental and numerical methods in analyzing the behavior of suction anchors.
INTRODUCTION
Suction anchors are widely adopted and play an important role in mooring systems. However, for engineers and researchers, further work should still be done on how to reliably predict the failure mode and the ultimate pullout capacity of suction anchors. Relative studies and the analytical model for predicting the failure mode and the ultimate pullout capacity of suction anchors in clay were introduced in detail in the earlier work (Liu et al. 2013) . The present study emphasizes on the analytical model for predicting the failure mode and the ultimate pullout capacity of suction anchors in sand, which is much different to that in clay.
Compared to clay, there are fewer studies in sand. The pullout capacity of suction anchors in sand, including the horizontal, vertical and inclined capacities, was studied by some researchers. However, these studies were performed mainly by experiments (Bang et al. 2006a , Jiao et al. 2009 , Kim et al. 2009 , Bang et al. 2011 , Jang and Kim 2013 and finite element analysis (Zeinoddini et al. 2010, Ahmed and Hawlader 2014) . The theoretical analysis is uncommon. Based on published model test results of piles, a simple method was proposed by Zhang et al. (2005) to calculate the ultimate lateral resistance of piles in cohesionless soils through analyzing the distribution of lateral soil resistance along the width of the pile. By using the method of limiting equilibrium, analytical solutions were developed by Bang et al. (2006b, c) to estimate horizontal and vertical pullout capacities of suction anchors, in which an assumed soil failure wedge was required. A failure envelope was first proposed by Jones et al. (2007) and then developed by Bang et al. (2011) to analyze the inclined pullout capacity of suction anchors, in which a "fitting analysis" should be done. Based on the fitting curve, the inclined pullout capacity of the anchor could be determined from the ultimate horizontal and vertical pullout capacities. However, the "fitting analysis" was strongly dependent on experimental results. Since the published theoretical methods on the inclined pullout capacity of suction anchors in sand need to be used combining with experimental data, further work is necessary to develop an independent theoretical method that can efficiently evaluate the failure model and pullout capacity of suction anchors.
During failure of the suction anchor, the anchor exhibits a state of being pulled out. The direction of being pulled out or the movement direction of the suction anchor is important for understanding the failure mode of the anchor, which directly determines the ultimate pullout capacity of the anchor, as already demonstrated in clay in the earlier work (Liu et al. 2013) . There is an interesting phenomenon that, when the suction anchor is pulled along a certain direction which exceeds a critical angle, the anchor will be pulled out vertically, i.e., the vertical failure mode arises. This phenomenon was found in clay in the numerical simulation by Randolph and House (2002) and and in model tests by EI-Sherbiny (2005) . The analytical method developed by Liu et al. (2013) can reasonably predict the critical angle in clay, over which the anchor will be vertically pulled out. Recently, Gao et al. (2013) performed experimental studies on the anti-uplift behavior of suction anchors in sand, and found that the anchor tended to move upwards when pulled along a certain direction which was much less than 90°. It should be noted that this phenomenon reflects the failure mechanism of the suction anchor under inclined loading. Further knowledge of the phenomenon is beneficial to studying the failure mode of the suction anchor.
In the present work, based on a rational mechanical model for suction anchors and the failure mechanism of the anchor in the seabed, an analytical model that can predict the failure mode and the ultimate pullout capacity of suction anchors in sand is developed. As will be shown in the following, the analytical model is basically different to that in clay. Since sand is cohesionless, the expression of the forces has a direct relationship with the depth of sand, and the shear force on the anchor surface is related to the distribution of the bearing stress and varies with the variation of the mooring angle. Detailed parametric analysis is performed to explore the effects of different parameters on the failure mode and the ultimate pullout capacity. Being verifications of the analytical model, the results of finite element simulation and experiments are adopted to examine the theoretical predictions.
MECHANICAL MODEL FOR SUCTION ANCHORS
A rational mechanical model of suction anchors is the premise for an analytical model that can predict the failure mode and the ultimate pullout capacity of the anchor. An assumption is made in the present work that the external force is applied at the optimal position of the attachment point of the anchor, at which the maximum pullout capacity of the anchor can only be achieved and the failure mode of the anchor is pure translation without rotation. Note that this assumption is based on experimental observation and numerical simulation (Keaveny et al. 1994 , Tjelta 2001 , Clukey et al. 2003 . The analytical method that can evaluate the optimal position of the attachment point of the suction anchor in clay can be found in the earlier work (Liu et al. 2013) . The similar work for the suction anchor in sand will be presented at the end of the present work.
Equilibrium equation in the failure mode
The geometry of the suction anchor is illustrated in Fig. 1(a) , in which H is the height of the anchor, D is the diameter of the anchor, and p H is the distance from the seafloor to the anchor bottom, i.e., the penetration depth of the anchor. The mechanical model of the anchor in the failure state is shown in Fig. 1(b) , where a T is the mooring tension at the attachment point, m T and n T represent two components of a T which are along and normal to the failure direction, respectively,  is the load angle to the horizontal at the attachment point which can also be called the mooring angle 
The vertical and horizontal pullout capacities are
Expressions of the forces
Different to clay, the shear force acting on the suction anchor in sand is relevant to the distribution of the bearing stress on the anchor surface. A reasonable expression of the bearing stress distribution is essential to calculate the shear force and the end bearing on the anchor. It is assumed that the distribution of the bearing stress in the horizontal direction at a certain depth (Bang and Cho 2001 , Zhang et al. 2005 , Bang et al. 2006a , as shown in Fig. 2 , where   is the bearing stress which is normal to the outside surface of the anchor, and  is the angle of the bearing stress to the horizontal axis.
Based on the published work (Bang and Cho 2001 , Bang et al. 2006a , Bang et al. 2011 ,   can be expressed as
where , cos 2
where tan      is the frictional stress on the anchor surface in the horizontal direction, in which  is the interface friction angle.
In the situation of 0   , which means that the suction anchor is under horizontal loading, the horizontal shear force , 0 bot H on the bottom of the anchor can be expressed
where,  is the internal friction angle; can be expressed as (Liu et al. 2013) (1 )( tan tan )
ANALYTICAL MODEL FOR PREDICTING THE FAILURE MODE AND ULTIMATE PULLOUT CAPACITY

Failure mechanism of the anchor
Correctly understanding the failure mechanism of the suction anchor is the basis for establishing a rational analytical model of suction anchors. During failure of the suction anchor, the anchor exhibits a state of being pulled out. The direction of being pulled out or the movement direction of the suction anchor, i.e., the failure angle  , not only reflects the failure mode but also determines the ultimate pullout capacity of the anchor. If the value of  is clearly known, the ultimate pullout capacity of the anchor can then be obtained through Eq. (2).
An analytical method for predicting the movement direction of the drag anchor with an arbitrarily fluke section both in cohesive and noncohesive soils was proposed by Liu et al. (2012) , where an important principle was assumed, i.e., among all possible movement directions of the anchor, the real movement direction must be the direction in which the soil resistance was easiest to be overcome by the drag force. In other words, the direction that needs the least drag force to overcome the soil resistance is the real movement direction. The least-force principle can be generalized to be the failure mechanism of the structure embedded in soils. It was formerly adopted in developing the analytical model for predicting the failure mode and the ultimate pullout capacity of suction anchors in clay (Liu et al. 2013) , and now is still adopted in the present work to calculate the failure angle  .
Analytical procedure for determining the failure direction and pullout capacity
The least-force principle is applied along with the mechanical model for suction anchors. As shown in Fig. 1 
where
, in which β>0 and θ<π/2. For the suction anchor, the real failure angle and the corresponding ultimate pullout capacity can be obtained by performing the following analytical procedure (Liu et al. 2013): (1) Accurately express the forces acting on the anchor as described Fig. 1(b) .
(2) According to Eq. (9), solve the equation dT a /dβ=0 and obtain the exact points whose first derivatives are zero.
(3) By analyzing the expression of the first derivative of T a , obtain the exact points whose first derivatives are non-existent.
(4) Calculate and compare the values of T a at the three types of point according to Eq. (2). The point or angle with the minimum value of T a is then the real failure angle r  , and the corresponding T a is the ultimate pullout capacity of the anchor.
In the present analysis, the failure angle r  is determined at first. Then the ultimate pullout capacity can be calculated with the known value of r  . Similar to clay, the failure mode of the suction anchor in sand falls into three types according to the failure angle, i.e., horizontal failure, inclined failure and vertical failure. The failure mode will vary from horizontal failure to inclined failure and finally vertical failure as the mooring angle increases. The present method can clearly analyze the failure mode of the suction anchor in sand under a certain loading condition.
Discussion on the parameters
In this section, some important parameters involved in the analytical model are discussed, which directly determine the failure mode and the ultimate pullout capacity of the anchor. These parameters include the coefficient of the maximum bearing stress max k , the internal friction angle  , the coefficient of earth pressure at rest 0 K , and the interface friction angle  . Clearly understanding the effects of these parameters is important to correctly using the analytical model.
( Broms (1964) , Reese et al. (1974) and Fleming et al. (1992) 
(2) Internal friction angle  The value of  reflects the strength of sand.
=2
  and 39 were used in the analytical studies of suction anchors on the horizontal pullout capacity by Bang and Cho (2001) and on the vertical pullout capacity by Bang et al. (2006c) , respectively. The sands used by Kim et al. (2009) and Gao et al. (2013) in the model tests on suction anchors had the internal friction angles of 33° and 36.8°, respectively. 30~45     was used by Zeinoddini et al. (2010) in the finite element analysis on the inclined load-bearing capacity of suction caissons in sand. In conclusion, the value of  can be in the range 26~45  . (3) Interface friction angle  The interface friction angle depends on the properties of the soil and the suction anchor. Kulhawy et al. (1983) were assumed by Achmus et al. (2013) and Ahmed and Hawlader (2014) in the finite element analysis of load-bearing behavior of suction anchors, respectively. 19    was used by Lehane et al. (2014) in the finite element analysis of the extraction of suction caissons. Thieken et al. (2014) took the values of 20.6° and 20.8° for  in the finite element simulation of the load-bearing behavior of suction anchors. In general, the value of  can vary in the range 18~32  . (4) Coefficient of earth pressure at rest 0 K The coefficient of earth pressure at rest relates the vertical stress to the horizontal stress after the soil consolidation without lateral deformation.
In calculating the ultimate inclined uplift capacity of suction caissons under inclined loadings, which included the effect of the initial stress state, 0 0.5~1.0 K  was adopted by Deng and Carter (2000) .
was used in the analytical studies on the ultimate lateral resistance to piles by Zhang et al. (2005) and on the vertical pullout capacity of suction anchors by Bang et al. (2006c) , and was also used by Achmus et al. (2013) in the finite element analysis on the load-bearing behavior of suction anchors. Lehane et al. (2014) 
PARAMETRIC STUDY
In order to further understand the failure mode and pullout capacity of suction anchors in sand, a parametric study is performed. Five cases are hypothesized to investigate the effects of the internal friction angle  , interface friction angle  , coefficient of earth pressure at rest Table 1 . Following the analytical procedure for determining the failure direction and pullout capacity as described in Section 3.2, the effects of different parameters on the failure direction and ultimate pullout capacity of suction anchors are calculated. Fig. 3 shows the variation of the failure angle with increasing mooring angle, Fig. 4 shows the variation of the ultimate pullout capacity with increasing mooring angle, and Fig. 4 demonstrates that, T a is a monotonic function of  . With increasing value of the mooring angle from 0° to 90°, the ultimate pullout capacity of the anchor decreases from the maximum to the minimum. With increasing value of the parameters, the ultimate pullout capacity of the anchor generally increases. However, the effect of different values of 0 K on the ultimate pullout capacity is not evident. er V increases to a peak, and then gradually decreases to zero (corresponding to 0   ). Since sand is cohesionless, the expression of the forces has a direct relationship with the depth of sand, and the shear force on the anchor surface is related to the distribution of the bearing stress and varies with the variation of the mooring angle. These make the relation curve between or H and er V exhibit a bump, which is a significant phenomenon confirmed by experimental observations. It can be noted that, the bump usually arises when the mooring angle is in the range (24, 30).
COMPARATIVE STUDY
As presented in the earlier section, the present model can produce the results of the failure mode (  - curve) and the ultimate pullout capacity ( a T - and er Vor H curves) of the suction anchor. However, it cannot produce the load-displacement curve of the suction anchor, on which many researchers worked out. The only studies that can be adopted to examine the present model include the experiments by Kim et al. (2009) and Gao et al. (2013) and the finite element analysis by Deng and Carter (2000) . Kim et al. (2009) A series of centrifuge model tests in sand were conducted by Kim et al. (2009) to determine the horizontal, vertical and inclined loading capacities of suction piles. The prototype suction pile had a diameter of 3m, a length of 6m and a thickness of 0.1m.
Comparison with experimental results of
Values of  and   were 33° and It is observed that, among all measured data, four points agree well with the analytical predictions. The relative errors of the ultimate pullout capacity from the analytical predictions to the experimental data corresponding to the five mooring angles (0°, 22.5°, 45°, 67.5° and 90° ) are 4.4%, 24.7%, 4.4%, 0.08% and -4.6%, respectively. The average of the five relative errors is 5.8%. The shape of the analytical curve is consistent with the distribution of the experimental data, i.e., there is a bump in the relation curve between the vertical and horizontal pullout capacities of the suction anchor. It proves that the present analytical method is able to reflect the basic characteristic of pullout capacity of the suction anchor in sand. Gao et al. (2013) A series of model tests were conducted by Gao et al. (2013) to explore the anti-uplift behavior of suction anchors in sand, where the effects of the height-to-diameter ratio and the mooring angle were considered. The model suction anchor had a diameter of 101mm and a thickness of 2mm. Three lengths including 202mm, 404mm and 606mm were designed. Values of  and   were 36.8° and   are used in the analytical model. Since the analytical model is based on the assumption that the external force is applied at the optimal attachment point of the anchor, the model anchor with the length of 202mm did not obey the assumption and then is excluded in the comparative study. The comparative results are presented in Fig. 7 .
It is observed that, the analytical predictions generally agree well with the experimental data. In the case of 4
, the relative errors of the ultimate pullout capacity from the analytical predictions to the experimental data corresponding to the five mooring angles (0°, 15°, 30°, 60° and 90°) are 15.3%, 12.8%, -1.7%, -26.8% and -28.3%, respectively. The average of the five relative errors is -5.7%. In the case of
, the relative errors of the ultimate pullout capacity from the analytical predictions to the experimental data corresponding to the five mooring angles (0°, 15°, 30°, 60° and 90°) are 21.1%, 6.6%, 3.3%, -11.3% and -22.4%, respectively. The average of the five relative errors is -0.5%. These confirm again the ability of the present model to reflect the basic characteristic of pullout capacity of the suction anchor in sand. Fig. 7 Comparison with experimental results of Gao et al. (2013) Deng and Carter (2000) Finite element analysis was conducted by Deng and Carter (2000) to study the inclined uplift capacity of suction anchors in sand. The Mohr-Coulomb elastoplastic soil model was used in the numerical analysis. Values of  and 0 K were 32° and 0.8, respectively. The mooring angles of 0°, 10°, 20°, 30°, 40°, 50°, 60°, 70°, 80° and 90° were investigated. Based on the analysis, a simplified method was proposed for the estimation of inclined uplift capacity of suction anchors, in which two reduction factors were introduced. In order to satisfy the assumption in the present model that the external force is applied at the optimal attachment point of the anchor, only the case of It is observed that, the analytical predictions are relatively larger than the finite element results. Several reasons may lead to the divergences. On the one hand, two reduction factors were introduced by Deng and Carter (2000) to modify the finite element results. On the other hand, as seen from Fig. 8 , the ratio of the maximum vertical pullout capacity ( 
Comparison with finite element analysis of
METHOD FOR PREDICTING THE OPTIMAL ATTACHMENT POINT
As introduced earlier, experimental observation and numerical simulation have confirmed that, if the external force is applied at the optimal position of the attachment point of the suction anchor, the failure mode of the anchor is pure translation without rotation and the anchor possesses the maximum pullout capacity. Based on the knowledge of the optimal attachment point, a theoretical method is proposed in this section that can simply evaluate the optimal position of the attachment point of the suction anchor in sand.
The mechanical model for predicting the location of the optimal attachment point is shown in Fig. 9 , in which Point O denotes the optimal attachment point, a H is the distance between the seafloor and Point O, l is the distance between the seafloor and Point A, which is at the symmetrical axis (dashed line) of the anchor and at the depth of the centroid of the soil profile, and L is the distance between the seafloor and Point B, which is the intersection of the applied mooring force and the symmetrical axis of the anchor. Considering that the end bearing b F and the shear force s
